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A n improved understanding of fluid dynamics within the cardiac chambers will help explain 
pitfalls of currently used surgical procedures and 
facilitate the design of new approaches. Although 
the study of fluid dynamics has developed over the 
past two centuries, recent advances in mathematical 
modeling, animal experimentation, and in vitro 
modeling have brought us to the point at which 
interesting problems can be addressed from a vari- 
ety of angles with great accuracy. Combining such 
basic studies with the skill and creativity of the 
surgeon may well produce an increase in surgical 
innovations. This potential is especially great in 
pediatric cardiothoracic surgery, in which the initial 
defects are characterized by a fascinating derange- 
ment of flows, pressures, and morphology. 
Mathematical modeling. Blood flow through the 
cardiac chambers is governed by the Navier-Stokes 
equations of motion: 
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where v = velocity, P = pressure, p = density, and 
Ix = viscosity. X, Y, and Z are body forces in the 
respective directions. These equations assume a 
Newtonian fluid, which is reasonable in the heart 
and great vessels. They represent an accounting of 
momentum transfer and forces which act on a 
generic fluid element hat is infinitesimally small. If 
these equations are written in their complete form 
they represent a basic law of nature (Newton's 
second law) and cannot be violated. In principle, the 
Navier-Stokes equations can be solved for any fluid 
dynamic problem with the use of appropriate 
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boundary conditions, resulting in detailed velocity 
and pressure fields for a region of interest. In 
practice, however, the cumbersome nature of the 
equations precludes analytical (pen and paper) so- 
lution unless numerous terms are deleted on the 
basis of simplifying assumptions. In fact, for most 
problems in a complex physiologic setting, it is simply 
impossible to obtain an analytical solution to these 
equations without significant simplification a priori. 
Computational modeling. A useful alternative to 
analytical solution of the Navier-Stokes equations i
to express the differential equations in terms of 
discrete differences between grid points, with a map 
of grid points placed within the boundaries of 
interest. Using well-described computation ap- 
proaches uch as finite element or finite difference 
techniques, 1'2 one can obtain solutions to the 
Navier-Stokes equations when analytical solution is 
not possible. Recent advances in supercomputers, 
and workstations housed within individual laborato- 
ries, have allowed for solution of the Navier-Stokes 
equations without simplification and within reason- 
able time frames (minutes or hours depending on 
the complexity of the problem). 
Role of mathematical modeling. Having arrived 
at a point at which the full equations of motion can 
be solved subject only to the boundary conditions 
that are used to describe the problem, it is now 
possible to analyze problems involving blood flow 
and morphology in great detail. Because of the swift 
nature of computer simulation, exhaustive sets of 
experiments can be performed that would be impos- 
sible with animal experimentation r in vitro mod- 
eling. Although the Navier-Stokes equations can be 
solved without simplification, a remaining difficulty 
with this approach is proper description of the 
boundary conditions. A lack of understanding of
chamber properties, for example, may limit the 
accuracy of a computational solution of flow in an 
elastic chamber. However, if boundary conditions 
are relatively straightforward, or if caution is exer- 
cised in view of approximated boundaries, computer 
modeling can provide a valuable addition to our 
understanding of existing surgical procedures and 
allow for exploration of newly proposed ones. 
Reciprocation with other approaches. Because of 
the permanent difficulty in describing a physiologic 
problem on a computer, mathematical modeling is 
best used in combination with other experimental 
techniques uch as animal experimentation r in 
vitro modeling. Animal experimentation has been 
very valuable over the years in the study of cardiac 
hemodynamics. The primary limitation of this ap- 
proach, however, is unfortunately a lasting one. It is 
difficult to explore complete matrices of experimen- 
tal conditions because manipulation of the variable 
of interest usually results in a cascade of compensa- 
tory mechanisms. Furthermore, in many cases the 
technology used for measurement of fluid dynamic 
quantities such as velocities, turbulence, and shear 
stress may not be much more accurate than those 
that can be used in human patients (although ad- 
vances have recently been made in this field as well, 
such as the development of an ultrasonic device for 
measurement of wall shear stress in vivo3). In vitro 
modeling enerally involves construction of labora- 
tory bench flow chambers, which may be compliant 
or rigid, and may use artificial material or actual 
tissue. These models allow for measurement of
velocities, turbulence, or shear stress using highly 
quantitative engineering tools. The ability to inde- 
pendently control variables and the accuracy of 
engineering measurement tools such as laser Dopp- 
ler anemometry, for example, overcome the pitfalls 
of animal studies, but the disadvantage is analogous 
to that for computer modeling. In computer model- 
ing it is difficult to mathematically describe complex 
physiologic boundary conditions and in the in vitro 
setting it is difficult to build them. 
Each of these approaches alone can yield useful 
information for understanding and designing new 
surgical procedures. In concert, they provide the 
potential to dramatically enhance our understand- 
ing of preoperative and postoperative h modynam- 
ics and create a forum for research and exploration 
of new ideas. 
Interpretation of model studies. The two major 
advantages of modeling studies, whether computa- 
tional or in vitro, are (1) the ability to control and 
isolate relevant variables and (2) the ability to 
obtain quantitative data. In the current issue of this 
JOURNAL, de Leval and colleagues 4 describe an 
intriguing study of flow competition between infe- 
rior and superior vena caval flows in the total 
cavopulmonary connection and between superior 
vena caval flow and forward flow from a stenosed 
pulmonary artery in the bidirectional cavopulmo- 
nary anastomosis. Using a mathematical model im- 
plemented on a workstation, their study addressed 
the effect of geometry on flow distributions-,and 
energy loss in these commonly used connections. 
Keeping in mind the limitations of the mathematical 
model, these results obtained by a systematic varia- 
tion of geometry may be of great use in understand- 
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ing the performance of existing procedures, compar- 
ing different approaches, and potentially designing 
new methods to optimize flow distribution and mini- 
mize energy loss. These studies complement a previ- 
ous in vitro study by the authors 5 and ongoing studies 
in our laboratory using explanted isolated heart prep- 
arations. 6 Also in this study, we see a good example of 
the difficulty in describing boundary conditions and the 
need for reciprocation with other approaches. In their 
description of the superior vena caval flow profile, a 
fully developed parabolic velocity profile is assumed in 
the absence of actual knowledge of the profile shape. 
It is doubtful that a fully developed profile could 
develop over the relatively short lengths of these 
vessels. Furthermore, any pulsatility will void the sim- 
plified parabolic shape even if flow is fully developed. 
Future studies comparing the input conditions for this 
model to direct measurements in a living system will 
aid in our interpretation of these results. Finally, in 
addition to their interesting experimental results, de 
Leval and colleagues provide a balanced escription of 
the modeling method, which should be useful to the 
reader who is not interested in the complex mathemat- 
ics and details of a fluid dynamics textbook. 
The single most important fact to remember when 
interpreting model studies or designing them is that 
actual human physiologic onditions cannot be per- 
fectly reproduced. The benefit of these models lies in 
isolation of key variables and their interaction with one 
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another. Results should never be extrapolated directly 
to the clinical setting, but used as a framework within 
which clinical phenomena can be better understood. 
One can spend decades developing an almost perfect 
model, which will be useless to the clinician and 
surgeon in the absence of innovative hypotheses, well- 
planned experiments, and cautious interpretation of
results in the context of human physiology. 
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